Transgenic rabbits expressing human apo E3 were generated to investigate mechanisms by which apo E modulates plasma lipoprotein metabolism. Compared with nontransgenic littermates expressing ‫ف‬ 3 mg/dl of endogenous rabbit apo E, male transgenic rabbits expressing ‫ف‬ 13 mg/dl of human apo E had a 35% decrease in total plasma triglycerides that was due to a reduction in VLDL levels and an absence of large VLDL. With its greater content of apo E, transgenic VLDL had an increased binding affinity for the LDL receptor in vitro, and injected chylomicrons were cleared more rapidly by the liver in transgenic rabbits. In contrast to triglyceride changes, transgenic rabbits had a 70% increase in plasma cholesterol levels due to an accumulation of LDL and apo E-rich HDL. Transgenic and control LDL had the same binding affinity for the LDL receptor. Both transgenic and control rabbits had similar LDL receptor levels, but intravenously injected human LDL were cleared more slowly in transgenic rabbits than in controls. Changes in lipoprotein lipolysis did not contribute to the accumulation of LDL or the reduction in VLDL levels. These observations suggest that the increased content of apo E3 on triglyceride-rich remnant lipoproteins in transgenic rabbits confers a greater affinity for cell surface receptors, thereby increasing remnant clearance from plasma. The apo E-rich large remnants appear to compete more effectively than LDL for receptormediated binding and clearance, resulting in delayed clearance and the accumulation of LDL in plasma. ( J. Clin. Invest. 1998.
Introduction
Apo E is a constituent of chylomicrons, VLDL, intermediate density lipoproteins (IDL), 1 and subclasses of HDL that mediate remnant clearance and plasma cholesterol homeostasis (reviewed in reference 1). Through its association with HDL (1), apo E also participates in reverse cholesterol transport. Human apo E is a single-chain polypeptide of 299 amino acids (34,200 M r ) , encoded by a gene of 3,597 nucleotides with four exons and three introns that is located on the long arm of chromosome 19 (2) (3) (4) . The liver is the major source of apo E in plasma (5) , although substantial amounts of apo E are produced by many other tissues (6, 7) . Several variants of apo E have been detected in the human population: the E3 isoform (Cys 112 , Arg 158 ) is most common (1) . The actions of apo E in lipid metabolism are primarily a consequence of its ability to bind to the LDL receptor, the LDL receptor-related protein, and heparan sulfate proteoglycans (HSPG) (1, (8) (9) (10) (11) . Residues 136-150 in human apo E constitute the domain responsible for these binding activities, but subtle conformational changes in internal domain-domain interactions directed by residues Arg 61 and Glu 255 affect apo E functions (12) . The naturally occurring E2 isoform of apo E (Cys 112 , Cys 158 ) is defective in binding to receptors and is associated with familial type III hypercholesterolemia, a genetic disorder characterized by elevated plasma cholesterol and triglyceride levels and accelerated coronary artery disease (9) . The E4 isoform of apo E (Arg 112 , Arg 158 ) is a risk factor for atherosclerosis (13) and has been implicated in the pathogenesis of Alzheimer's disease (14, 15) . To investigate the mechanisms of apo E's action in lipoprotein metabolism, we generated transgenic rabbits that express elevated levels of human apo E3.
Several characteristics of the rabbit recommend it for these studies. Rabbits have 30-50% less plasma apo E than humans (16) and 50-70% less than mice (17) ; thus, the rabbit is likely to be relatively sensitive to the level of circulating apo E. Transient infusion of apo E into the circulation increases the clearance of ␤ -VLDL in cholesterol-fed normal rabbits and in Watanabe heritable hyperlipidemic rabbits, a model of familial hypercholesterolemia (18, 19) . The low level of apo E has been thought to be one reason why normal rabbits are exceptionally sensitive to dietary cholesterol, developing severe hypercholesterolemia that is associated with the rapid development of atherosclerosis (20) .
The rabbit is naturally deficient in hepatic lipase (HL) (21) , an enzyme that is required to catabolize IDL and large HDL (reviewed in reference 22). The HL content in the rabbit is ‫ف‬ 10% of that in rodents. In rabbits, HL is bound to extracellular surfaces and is found mainly on sinusoidal endothelial cells and on the microvillar surface of hepatocytes in the space of Disse in the liver (23) , whereas in mice most of the HL circulates in plasma (24) . HL accelerates the apo E-mediated uptake of chylomicron remnants by cultured hepatoma cells (25) , and the enzymatic activity of HL is enhanced by apo E in vitro (26). In addition, HL increases the binding and uptake of HDL by cultured hepatoma cells, an effect that is enhanced by low levels of apo E, but reduced by high concentrations of apo E (27) .
Additional characteristics of the rabbit contribute significantly to plasma lipoprotein metabolism and would be expected to affect transgene expression. The rabbit has abundant levels of cholesteryl ester transfer protein (28) , which should facilitate the metabolic interaction between the VLDL and HDL pathways. Rabbit liver does not edit apo B100 mRNA, whereas mouse liver edits most of the apo B100 mRNA to the B48 form (29) . Bile production in rabbits is somewhat limited by a relative deficiency in the mRNA levels for 7-␣ hydroxylase, the rate-limiting enzyme in bile acid synthesis (30) .
In this report, we describe the effects of the constitutively increased expression of human apo E on plasma lipoproteins in the transgenic rabbit. We find that essentially all classes of lipoproteins are affected by the presence of excess apo E, a likely reflection of its diverse functions. The effects of human apo E expression in transgenic rabbits are strikingly different from those in transgenic mice, providing a compelling argument for the use of transgenic rabbit models to investigate lipoprotein metabolism.
Methods
Production of transgenic rabbits. The construct used to generate transgenic rabbits (HEG.LE1) was described previously: it contains the complete human apo E gene together with 5 kb of its 5 Ј flanking sequence and 1.7 kb of its 3 Ј flanking sequence, ligated to a 3.8-kb downstream fragment containing the hepatic control region for this gene, which directs high levels of expression of apo E in the liver with little expression in any other tissue (31). Transgenic rabbits were generated using specific pathogen-free New Zealand White rabbits (Charles River, Montreal, Quebec, Canada) and methods as described previously (32, 33) . Three founders were identified by Southern blot analysis (34) , and gene copy numbers were estimated by densitometric scanning of the Southern blots. These founders were mated with nontransgenic rabbits to produce F1 progeny. All animals used for the current study were 4-6 mo old and were maintained on Lab Rabbit Chow HF (Purina Mills, Richmond, IN) containing ‫ف‬ 1.5% vegetable fat, 14% protein, and 25% crude fiber. The animals had free access to water and were housed in a barrier facility with a 12-h light/dark cycle at 23 Њ C and 55% humidity. All experimental procedures with rabbits were conducted in accordance with National Institutes of Health Guidelines and with the approval of the Committee on Animal Research of the University of California, San Francisco.
To confirm the identity of the human apo E that was expressed by the above construct, total liver RNA was prepared from a transgenic rabbit, and the human apo E cDNA was cloned by PCR with oligonucleotides corresponding to nontranslated regions. The nucleotide sequence of the cloned cDNA was determined (data not shown). The portion of the cDNA corresponding to mature human plasma apo E had a predicted amino acid sequence that was identical to that of the E3 isoform (reviewed in reference 35). We also confirmed the sequence of the endogenous rabbit apo E in our transgenic animals: rabbit apo E contains cysteine and arginine at positions corresponding to those of the E3 isoform of human apo E (36) .
Human apo E expression. Western blots of rabbit plasma (32) were performed on samples (1 l) that had been resolved by PAGE with 4-20% gels (EP Mini System, Schleicher & Schuell, Inc., Keene, NH) containing 0.1% SDS. Apo E was detected with a human-specific apo E antibody (prepared in goats) that did not cross-react with rabbit apo E. The level of human apo E in the plasma of transgenic rabbits was estimated by ELISA using the same polyclonal antibody and by Western blot analysis of whole plasma using purified human apo E standards for comparison. Antibodies and apo E standards were generously provided by K.H. Weisgraber (J. David Gladstone Institutes, San Francisco, CA).
Lipoprotein analysis. Rabbits were fasted overnight (14-16 h). Blood was collected between 8:00 and 9:00 a.m. from the intermedial auricular artery and adjusted to a final concentration of 1.5 mg/ml EDTA and 50 U/ml Trasylol pancreatic protease inhibitor (Miles Laboratory, New Haven, CT). Plasma was separated by centrifugation at 3,000 rpm for 20 min at 4 Њ C, and lipoproteins were isolated by small-volume sequential ultracentrifugation with a Beckman TLA100.2 rotor as described (37) . Isolated individual density fractions and whole plasma were resolved by electrophoresis in 1% agarose gels (37) . Then, the gels were dried and stained with Fat Red 7B to identify lipoproteins containing neutral lipid, or the proteins in the gels were transferred to a nitrocellulose membrane and immunoblotted with specific antibodies against individual rabbit apolipoproteins (provided by K.H. Weisgraber). Immunocomplexed proteins were identified by reaction with a horseradish peroxidase-conjugated secondary antibody followed by chemiluminescent detection (ECL kit; Amersham, Arlington Heights, IL) as described (32, 37) . Total cholesterol and triglyceride concentrations in whole plasma and in each density fraction were determined by enzymatic assays with an Abbott Spectrum Analyzer (Abbott, Abbott Park, IL) according to the manufacturer's directions. HDL cholesterol in whole plasma was measured using the StatSpin Micro HDL-C assay kit (StatSpin Technologies, Norwood, MA). The diameters of apo B-containing lipoproteins ( d Ͻ 1.006, and d ϭ 1.006-1.02, 1.02-1.04, and 1.04-1.06 g/ml) were determined by negative-staining electron microscopy as described (32) .
Receptor-binding assay. About 150 ml of blood was collected and pooled from four female transgenic or nontransgenic rabbits and adjusted to a final concentration of 1.5 mg/ml EDTA and 50 U/ml Trasylol. Plasma lipoprotein density fractions were isolated by large-volume sequential ultracentrifugation with a Beckman 60 Ti rotor at 4 Њ C as follows: d Ͻ 1.006 g/ml (VLDL), 50,000 rpm for 16 h, and then recentrifuged at 50,000 rpm for 16 h at d ϭ 1.02 g/ml; d ϭ 1.006-1.02 g/ml (IDL), 50,000 rpm for 18 h, and then recentrifuged at 50,000 rpm for 18 h at d ϭ 1.04 g/ml; d ϭ 1.02-1.04 g/ml (large LDL) and d ϭ 1.04-1.06 g/ml (small LDL), 59 ,000 rpm for 18 h. Lipoproteins were dialyzed against 0.15 M NaCl and 0.01% EDTA overnight. Competition assays for lipoprotein binding to the LDL receptors of cultured human fibroblasts with human 125 I-labeled LDL were performed at 4 Њ C as described (38, 39) . In this assay, the relative binding affinities of the rabbit lipoproteins are measured by their abilities to compete with human 125 I-labeled LDL for binding to the LDL receptor. To measure HDL 1 receptor-binding affinity, the d ϭ 1.02-1.04 g/ml and d ϭ 1.04-1.10 g/ml lipoproteins were isolated from intermediateexpresser animals; then apo E-rich HDL 1 and large LDL were purified further by Pevikon electrophoresis (40) . Homogeneous preparations of HDL 1 (separated from apo A-I-rich HDL 2 ) and LDL (separated from HDL 1 ) were eluted from Pevikon blocks. The ability of these purified fractions to compete with human LDL for binding to LDL receptors was measured in the above fibroblast assay.
Chylomicron clearance. Chylomicrons ( d Ͻ 1.006 g/ml) were collected from the thoracic lymph duct of a dog that had been fed [ 14 
C]cholesterol and [
3 H]retinol in a fat-supplemented diet, isolated by ultracentrifugation, and characterized as described (41) . For clearance measurements, transgenic rabbits and nontransgenic littermates were fasted overnight, and then labeled chylomicrons were infused quickly into an ear vein. Blood samples were collected at selected time points, tissues were collected after 20 min, and radioactivity was measured as described (41) .
Antibody clearance. Monoclonal antibody 9D9 is cleared rapidly from plasma as a result of specific binding to the rabbit cell surface LDL receptor, indirectly indicating the level of these receptors in vivo (42). Therefore, 9D9 antibody protein was purified from mouse ascites fluid, labeled with 125 I, and intravenously administered to rabbits. Its removal from plasma was determined as described previously (43) .
LDL clearance. Normal human LDL ( d ϭ 1.019-1.063 g/ml) were isolated, labeled with 125 I, and intravenously administered to rabbits. Their removal from plasma was determined as described previously (41) . The binding affinity of apo E-free human LDL for rabbit fibroblast LDL receptors is about half of that found for the corresponding receptors on human fibroblasts (10) . The labeled human LDL would be expected to have essentially the same composition in both transgenic and control rabbits during the relatively short time of the experiment, thereby minimizing the effect of lipid composition on clearance (44, 45) and serving as an independent indicator of the ability of rabbit receptors in vivo to clear LDL.
Lipoprotein lipolysis. The susceptibility of VLDL ( d Ͻ 1.006 g/ml) and large LDL ( d ϭ 1.02-1.04 g/ml) to lipolysis was determined by incubating 30 g of lipoprotein triglyceride for 30 min at 37 Њ C with 10 l of VLDL-depleted postheparin rabbit plasma and then quantitating the released fatty acids (46) by a colorimetric assay (Wako Chemicals, Richmond, VA). The postheparin plasma had been collected from normal control rabbits 10 min after the intravenous administration of 50 U of heparin per kg body weight. The lipolysis assay was performed in the presence of 1.2 M NaCl to measure HL activity and in the absence of salt to measure total lipase activity; the difference was taken as a measure of lipoprotein lipase (LPL) activity (47) .
Results

Expression of human apo E3 in the transgenic rabbits.
Three independent transgenic rabbit lines were established that expressed human apo E3 in their plasma at ‫ف‬ 6 (line A), ‫ف‬ 11 (line B), and ‫ف‬ 13 mg/dl (line C) in F1 hemizygotes. Western blot analysis showed that human apo E produced by the transgenic rabbits had a M r ‫ف‬ 35,000, the same as that found in human plasma (data not shown). These transgenic rabbits developed normally and had normal breeding efficiency. Because the effects of transgene expression on lipoprotein metabolism were indistinguishable between lines B and C (data not shown), line C was used for most subsequent studies. F2 homozygotes were established for line C to provide a highexpresser line ( ‫ف‬ 26 mg/dl of human apo E).
Plasma lipid levels. The effects of different levels of apo E production on total plasma lipids in male rabbits from each line are shown in Fig. 1 . In low (6 mg/dl) and medium (13 mg/dl) expressers, triglycerides decreased progressively, whereas cholesterol increased in parallel with the level of apo E expression. These changes were associated with a reduction in pre-␤ -migrating VLDL and an increase in ␤ -migrating particles ( Fig. 1, inset ) . At the highest levels of apo E expression, however, triglycerides increased along with cholesterol, and ␤ -migrating particles accounted for most of the circulating lipoproteins.
The maximum reduction in triglyceride levels occurred in the intermediate expressers (13 mg/dl human apo E), an effect that is consistent with the role of apo E in remnant clearance. Our subsequent studies focused on these intermediate-expresser transgenic animals to determine how the decrease in VLDL and triglycerides might be linked to an increase in plasma cholesterol. Male and female intermediate expressers had 35 and 19% lower total plasma triglycerides, respectively, than nontransgenic littermates (Table I ). In contrast, total plasma cholesterol was increased by 74% in transgenic males and 38% in transgenic females. In both sexes, HDL cholesterol levels were elevated, accounting for about one-fourth of the total increase in plasma cholesterol. Because the effect of apo E expression was somewhat greater in males, they were examined extensively; F1 animals from line C (intermediate expresser) were Figure 1 . Effects of transgene expression on plasma lipid levels in apo E transgenic rabbits. Total triglyceride and total cholesterol levels were determined in whole plasma from normal rabbits and from the F1 hemizygous progeny of transgenic rabbits having additional production of human apo E in lines A (low expresser) and C (medium expresser), and from the F2 homozygous progeny of line C (high expresser) as described in the text. The horizontal axis gives the sum of endogenous rabbit apo E and transgenic human apo E. (Inset) Whole plasma from representative control and transgenic rabbits that has been resolved by agarose gel electrophoresis and stained for neutral lipids with Fat Red 7B. The electrophoretic mobilities of lipoprotein classes are indicated. Data are meanϮSD (n ϭ 6-11 animals/ group). used because they showed major but opposite effects on both triglyceride and cholesterol levels at a relatively modest increase in apo E levels. Analysis of lipoproteins. Plasma lipoproteins from F1 transgenic rabbits (line C) were separated by sequential density gradient centrifugation, resolved further by 1% agarose gel electrophoresis, and stained with Fat Red 7B (Fig. 2) . The major lipoprotein classes in each fraction were: d Ͻ 1.006 g/ml, pre-␤ -migrating VLDL; d ϭ 1.006-1.02 g/ml, IDL; d ϭ 1.02-1.04 g/ml, large LDL; d ϭ 1.04-1.06 g/ml, ␤-migrating small LDL and ␣-migrating HDL 1 ; d ϭ 1.06-1.08 and d ϭ 1.08-1.10 g/ml, HDL 1 and HDL 2 ; and d ϭ 1.10-1.21 g/ml, HDL 3 . This qualitative analysis consistently showed three prominent changes in the relative amounts of different lipoproteins. Transgenic rabbits had lower VLDL levels, higher LDL levels, and an accumulation of HDL 1 compared to nontransgenic littermates.
Immunoblot analysis with specific antibodies showed that transgenic human apo E had the same distribution as endogenous rabbit apo E (Fig. 2 A) and had no effect on the distribution or plasma concentration of rabbit apo E. The apo E was found predominantly in the slow-migrating HDL 1 (abundant in the d ϭ 1.04-1.10 g/ml fractions), with lesser amounts in VLDL, IDL, and large LDL. As expected, almost no apo E was found in small LDL. Apo A-I was found in typical ␣-migrating HDL (Fig. 2 B) , which had a faster electrophoretic mobility than the apo E-containing HDL 1 . Like apo E, apo C-III was more abundant on large apo E-rich HDL 1 and on large LDL in transgenic rabbits than in controls. The distribution of apo B was shifted by transgene expression, being most abundant in the IDL and both LDL fractions of transgenic rabbits. Denaturing PAGE indicated that both apo B100 and apo B48 were present in d Ͻ 1.006, d ϭ 1.006-1.02, and d ϭ 1.02-1.04 g/ml fractions at the same relative levels in both control and transgenic animals: there did not appear to be a selective loss or accumu- Figure 2 . Effect of human apo E expression on rabbit lipoproteins. Plasma lipoproteins from fasting nontransgenic (A) and transgenic male rabbits (B) were separated by sequential density ultracentrifugation and resolved by electrophoresis in a 1% agarose gel. Lipoproteins were stained with Fat Red 7B (A), and apolipoproteins were detected by immunoblotting with specific antibodies to human apo E (A) or rabbit proteins (A and B). The arrowhead denotes the origin; ␣ and ␤ indicate electrophoretic mobility. Results from a representative animal in each group (n ϭ 6) are shown.
lation of either form of apo B (data not shown).
The mean cholesterol and triglyceride content of the individual density fractions are shown in Fig. 3 , A and C, respectively, confirming the quantitative reduction in VLDL and the accumulation of cholesterol-rich LDL and HDL 1 . These quantitative changes were reflected by the relative distribution of plasma cholesterol and triglyceride (Fig. 3, B and D) , which highlighted the striking reduction in VLDL levels in the apo E transgenic rabbits.
Analysis of the plasma lipoprotein distribution in the highexpressor (26 mg/dl) F2 transgenic rabbits showed that doubling the plasma apo E concentration resulted in an accumulation of even higher levels of large LDL (Fig. 4 A) . The IDL levels were also increased substantially: three-fourths of the cholesterol and more than half of the triglycerides were found in the d ϭ 1.006-1.02 and d ϭ 1.02-1.04 g/ml large LDL fractions (Fig. 4, B and D) . Thus, the elevated plasma triglyceride levels in the high expressers (Fig. 1) were due primarily to an accumulation of triglyceride-rich IDL and LDL (Fig. 4 C) . The density gradient fractions were analyzed further by agarose gel electrophoresis, lipid staining by Fat Red 7B, and immunoblotting (data not shown). The HDL in the d ϭ 1.04-1.08 g/ml lipoproteins were predominately apo E-rich HDL 1 , that accounted for at least half of the neutral lipid in those fractions.
Electron microscopy of lipoproteins. Lipoprotein sizes in the various density fractions were measured by negative-staining electron microscopy. The most striking differences between transgenic (F1 medium expressers) and nontransgenic lipoproteins were observed in the VLDL fraction (Fig. 5, A  and B) . The VLDL from both animals had a median diameter of 26 nm; however, large particles (Ͼ 36 nm diameter) were nearly absent from the transgenic rabbits, whereas they accounted for ‫ف‬ 20% of this fraction in normal rabbits (Fig. 5, C  and D) . One possible explanation for this finding is that overexpression of apo E redirected the synthesis of VLDL to smaller particles. However, it seems more likely, in view of the normal function of apo E (and by the results shown in Figs. 6  and 7) , that large VLDL acquired extra apo E on their surfaces, thereby enhancing their receptor-mediated clearance.
VLDL from high-expresser apo E transgenic rabbits had a size distribution that was closely similar to medium-expresser VLDL, with a notable absence of large VLDL particles (data not shown). Considering that the lipid content in the d Ͻ 1.006 g/ml fraction was increased in high-expresser transgenic rabbits as compared to intermediate expressers, these findings indicated that there was a greater number of d Ͻ 1.006 g/ml VLDL particles in the high expressers.
Analysis of the d ϭ 1.04-1.06 g/ml fraction from intermedi- ate-expresser transgenic rabbits revealed an increase in the content of large lipoproteins (Fig. 5, E and F) . Particles with a diameter of 20 nm were more abundant in the transgenic rabbits than in nontransgenic controls, where smaller particles were more abundant (Fig. 5, G and H) . These findings are consistent with an accumulation of LDL in the apo E transgenic rabbits.
Receptor-binding assay. The ability of the rabbit lipoproteins to compete with human LDL for binding to the LDL receptor was measured with an in vitro assay using cultured human fibroblasts. The assays were performed on three separate preparations of lipoproteins from intermediate apo E expressers, and the same relative differences were observed each time. The VLDL from transgenic rabbits had an approximately fourfold greater binding affinity for the LDL receptor than nontransgenic VLDL (Fig. 6 A) . The d ϭ 1.006-1.02 g/ml transgenic IDL fraction had only 1.6-fold greater binding affinity than control IDL for the LDL receptor (data not shown). The increased affinity of lipoproteins from the transgenic rabbits appears to result from a higher apo E content, as indicated by gel electrophoresis of the protein components of VLDL (Fig. 6 A) .
In contrast, the d ϭ 1.02-1.04 g/ml lipoproteins, which consist primarily of large LDL together with low amounts of HDL 1 (see Fig. 2 A) , from both transgenic and nontransgenic rabbits had similar receptor-binding activities (Fig. 6 B) . The same results (no difference in binding affinity) were observed when the d ϭ 1.04-1.06 g/ml lipoprotein fraction was examined with the fibroblast receptor-binding assay (data not shown). Although there was more apo E in this fraction in transgenic rabbits than in nontransgenic controls, most of the apo E was found on large HDL 1 (Fig. 2 A) . In this regard, it has been shown previously in rats (48) and humans (49) that LDL and HDL 1 have similar binding affinities for the LDL receptor. The receptor-binding property of HDL 1 from the apo E transgenic rabbit was investigated in a preliminary study. The d ϭ 1.02-1.04 g/ml and d ϭ 1.04-1.10 g/ml lipoproteins were isolated from intermediate-expresser transgenic animals; then homogeneous LDL (separated from HDL 1 ) and apo E-rich HDL 1 (separated from apo A-I-rich HDL 2 ) were isolated by Pevikon gel electrophoresis. Their ability to compete with human LDL for binding to LDL receptors in the cultured human fibroblast assay was determined. The apo E-rich HDL 1 were approximately twofold more effective than human LDL in competing with labeled human LDL in binding to LDL recep- .06 g/ml LDL (E-H) were isolated from normal (n ϭ 3) and apo E transgenic (n ϭ 3) rabbits by density gradient centrifugation and examined by negative-staining electron microscopy. Typical VLDL (A and B) and LDL (E and F) were observed at magnifications of 100 (A and B) and 200 (E and F). The diameters of Ͼ 500 particles in each fraction were determined by digital image analysis (37) , and the distribution of particle sizes is shown for VLDL (C and D) and LDL (G and H). Representative results from each group are shown. tors (data not shown). Thus, the accumulation of HDL 1 in apo E transgenic rabbits was not likely due to an impairment in receptor-binding ability.
Chylomicron remnant clearance. Intravenously injected, radioactively labeled chylomicrons were cleared more rapidly from the plasma of F1 transgenic rabbits than from nontransgenic rabbits (Fig. 7 A) , and there was a corresponding increase in the uptake of radioactivity by the livers of transgenic animals (Fig. 7 B) . These findings are consistent with the ability of apo E to mediate chylomicron remnant clearance from rabbit plasma via the LDL receptor, LRP, and HSPG pathways (8, 11, (50) (51) (52) . This increased rate of clearance is also consistent with the decreased content of plasma triglycerides and d Ͻ 1.006 g/ml lipoproteins in these animals (Table I and Fig. 2) .
Remnant uptake was increased only in the liver of the transgenic rabbits (Fig. 7 B) , consistent with previous findings that remnant uptake in bone marrow was not dependent on apo E (50). There was no redistribution of remnant uptake nor was there a decrease in uptake by any other tissue. The consequence of increased apo E for remnant uptake appeared to be limited to the liver. Taken together, the above experiments suggest that an increased apo E content on large remnant lipoproteins enhances their affinity for receptors, resulting in faster hepatic uptake. This mechanism could account for the decrease in plasma triglycerides.
LDL clearance. The d ϭ 1.019-1.063 g/ml LDL fraction from normal human plasma was isolated, labeled with 125 I, and injected intravenously into rabbits, and the removal of these particles from plasma was determined. As shown in Fig. 8 , LDL were cleared more slowly from the plasma of transgenic rabbits than from normal rabbits, consistent with the accumulation of LDL that was observed in the transgenic animals. The estimated t 1/2 for the clearance of labeled LDL is 6.0 h from control rabbits and 11.2 h from transgenic rabbits.
Clearance of LDL receptor antibody. To determine if downregulation of receptors was responsible for the delay in LDL clearance, the number of cell surface LDL receptors in rabbits was assessed by the ability of these receptors to remove 9D9 monoclonal antibody from plasma. Although this measurement is indirect, previous studies demonstrated that the rate of clearance of 9D9 antibody is an effective measure of LDL receptor levels (42). Moreover, the receptor-mediated clearance of 9D9 antibody is not affected by plasma lipoprotein levels: it does not compete with LDL for binding to the LDL receptor (42). The labeled antibody was cleared at the same rate in transgenic and nontransgenic rabbits (Fig. 9) , indicating equivalent levels of LDL receptors. Thus, it does not appear that downregulation of LDL receptors contributes to the delayed clearance of LDL from transgenic rabbit plasma.
Lipolysis of lipoproteins. In postheparin plasma, there was no significant difference in LPL activity between transgenic and control rabbits, even at high levels of apo E expression (data not shown). Therefore, we determined if there was a change in the susceptibility of postprandial d Ͻ 1.006 g/ml VLDL and d ϭ 1.02-1.04 g/ml LDL to lipolysis by LPL and HL. The VLDL from both intermediate-and high-expresser apo E transgenic rabbits were substantially less susceptible to hydrolysis by LPL than control VLDL (Fig. 10 A) . Lipolytic activity by HL was minimally reduced on transgenic VLDL (Fig. 10 B) . Thus, the finding that transgene expression resulted in reduced rates of hydrolysis by lipases argues against the possibility that an increased lipolysis of VLDL contributed to the accumulation of LDL or the reduction in VLDL content in plasma.
Compared to controls, transgenic LDL from both intermediate-and high-expresser animals showed a minimal reduction in susceptibility to LPL-mediated lipolysis (Fig. 10 C) , but these particles were substantially more susceptible to hydrolysis by HL (Fig. 10 D) . Furthermore, endogenous HL activity in postheparin plasma was twofold greater in the transgenic rabbits than in controls (data not shown). Both findings are consistent with apo E's ability to activate HL (26). Thus, the accumulation of LDL in the transgenic rabbit was not due to an impairment in lipolysis by HL.
Discussion
Transgenic rabbits generated with the E3 isoform of human apo E had an unexpected elevation in the concentration of plasma cholesterol that was increased further at progressively higher expression levels of apo E (Fig. 1) . The impact of apo E on plasma triglycerides, however, was variable: triglyceride levels decreased significantly in intermediate apo E expressers, but elevated substantially in high apo E expressers. These effects on plasma lipids were a direct reflection of changes in the levels of VLDL, LDL, and HDL 1 caused by increased apo E expression. In medium ‫ف(‬ 13 mg/dl) apo E expressers, our observations suggested that an increase in the content of apo E on large remnants gave them a competitive advantage for binding to the LDL receptor resulting in an accelerated clearance of VLDL and an accumulation in LDL and HDL 1 . At high ‫ف(‬ 26 mg/ml) levels of expression, excess apo E resulted in the accumulation of larger triglyceride-rich particles as well as LDL, suggesting that IDL metabolism was also impaired.
Our studies show that the rabbit is a sensitive model for examining the role of apo E in lipoprotein metabolism. The sensitivity of the rabbit to changes in transgenic apo E expression may be a consequence of the somewhat low levels of endogenous apo E (16, 17) as well as the natural deficiency in HL (21) characteristic of this animal species. In this regard, in vitro studies show that HL enhances the role of apo E in remnant lipoprotein and HDL clearance (25, 27) , and that HL lipolytic activity is activated by apo E. Therefore, increasing apo E levels up to ‫ف‬ 13 mg/dl resulted in striking changes in plasma lipids compared to nontransgenic controls, which facilitated the evaluation of the role of apo E in determining the distribution of lipoprotein subclasses.
The decrease in plasma triglycerides in the intermediate expressers was the result of a quantitative reduction in the content of VLDL triglycerides and cholesterol (Fig. 3, A and C) and by the absence of large particles from the d Ͻ 1.006 g/ml fraction (Fig. 5, A-D) . Although decreased production might account for the reduction in circulating VLDL levels, our data indicated that faster clearance of remnants was the most likely explanation. This conclusion is consistent with previous studies showing that increased apo E content on lipoproteins correlates positively with enhanced receptor binding and cellular uptake, with apo E having a 20-fold greater affinity for the LDL receptor than apo B (reviewed in references 10 and 11). Large VLDL from transgenic rabbits appeared to have a greater content of apo E, and an in vitro assay showed that these particles had a higher affinity for the LDL receptor compared to controls (Fig. 6 A) . Intravenously administered chylomicrons were cleared more rapidly from transgenic rabbit plasma (Fig. 7 A) , suggesting that apo E redistributed quickly to the chylomicrons and directed their subsequent removal by receptors. In transgenic animals, nearly all of this enhanced uptake occurred in the liver, consistent with earlier investigations that demonstrated chylomicrons with excess apo E are cleared preferentially by the liver (41, 43, 50) . The major site for remnant removal is the space of Disse in the liver, where apo E directs binding to at least three different entities: the LDL receptor (53) (54) (55) , the LRP (56), and HSPG (8, 52, 57) . The LDL receptor accounts for more than half of remnant uptake (53) , and it has a preference for particles smaller than 50 nm in diameter (58).
We investigated the possibility that increased apo E levels might modulate the lipolysis of VLDL by LPL. In addition to its role in the hydrolysis of chylomicron and VLDL triglycerides (reviewed in references 59 and 60), LPL has been proposed as a ligand for lipoprotein remnant binding to the LRP (61). Dimeric LPL has been found on triglyceride-rich plasma lipoproteins (62) , and LPL promotes the binding of apo B100-rich lipoproteins to cell surface HSPG independent of its enzyme activity (63), consistent with a ligand function for LPL. The stimulation of VLDL binding to HSPG by LPL has been reported to be complementary to the enhancement of VLDL binding to HSPG by apo E (64). In contrast, apo E inhibits LPL-mediated lipolysis of chylomicron-like, triglyceride-rich lipid emulsions (65) . These two different functional interactions of LPL and apo E are consistent with both the reduced VLDL content (Fig. 3) and the reduced susceptibility of postprandial transgenic VLDL to hydrolysis by LPL (Fig. 10 ) in medium-expresser rabbits. Higher levels of apo E expression did not result in a greater inhibition of LPL catalytic activity (Fig. 10) , suggesting that the inhibitory effect of apo E on LPL lipolysis may have been maximized at a moderate apo E level. However, a high excess of apo E might impair the ligand function of LPL, leading to an accumulation of triglyceride-rich IDL and small VLDL in addition to LDL. This possibility remains to be tested in future studies of the high-expresser transgenic rabbits.
Surprisingly, plasma cholesterol levels were elevated in the apo E transgenic rabbits. This elevation was not due to an apo E with defective receptor-binding properties, but instead resulted from an accumulation of large and small LDL and increased levels of apo E-rich HDL 1 (Figs. 2 and 3) . The large LDL fraction from transgenic rabbits (including a minor amount of HDL 1 ) did not have a reduced binding affinity for the LDL receptor (Fig. 6 B) , making it unlikely that they were functionally defective particles. Most of the cholesterol in the apo B-containing lipoproteins of the medium-expresser transgenic rabbit was found in the LDL (Fig. 2 B) , consistent with the possibility that they were removed more slowly than larger lipoproteins. This possibility was supported by the finding that the plasma clearance of intravenously injected apo E-deficient human LDL was slower in transgenic rabbits than in nontransgenic controls. More importantly, however, 9D9 antibody was removed from the plasma of both transgenic and nontransgenic rabbits at the same rate, indicating that transgene expression did not significantly alter LDL receptor levels. Thus, transgenic LDL did not accumulate because of a reduction in LDL receptor activity.
A mechanism that could account for the accumulation of LDL in the apo E transgenic rabbits is competition by apo E-rich chylomicron and VLDL remnants for binding to the LDL receptor. The greater apo E content of remnants increases their binding affinity for the LDL receptor; consequently, the competitive advantage of the larger apo E-rich remnants for the receptor could impair LDL clearance. Competition for receptor binding has been proposed as a potential mechanism for some hyperlipidemias (reviewed in reference 66). Recently, apo E has been shown to cause a competitive inhibition of the receptor-dependent LDL uptake by the mouse liver (67), a finding that is consistent with our observations in apo E transgenic rabbits.
This competition mechanism might contribute to the reduced serum cholesterol that is characteristic of many subjects with the ⑀2/⑀2 genotype that do not develop overt type III hypercholesterolemia (reviewed in reference 13). The apo E2 isoform is consistently associated with lower total cholesterol and lower LDL cholesterol levels. The E2 isoform has reduced receptor-binding affinity (10, 11) , which would decrease the ability of VLDL to bind to the LDL receptor. Consequently, LDL would be more competitive for receptor binding, consistent with the low LDL cholesterol levels in ⑀2/⑀2 individuals.
The IDL and LDL in hypertriglyceridemic high-expresser apo E transgenic rabbits are triglyceride-rich, a property that may contribute to their accumulation in plasma as lipid composition can modulate receptor-binding activity (45, 68) . This observation suggests that these particles may not be lipolyzed efficiently by LPL in vivo, although LDL from high expressers were susceptible to hydrolysis in the in vitro assay. In this regard, large VLDL and chylomicrons are preferred substrates for LPL in vivo (59, 60) , and it is possible that in high-expresser rabbits, the excess apo E results in a decreased ability of IDL and large LDL to interact with or have sufficient access to LPL. It is noteworthy that triglyceride-rich LDL are characteristic of hypertriglyceridemic humans (Huang, Y., unpublished studies); thus, the transgenic rabbits may serve as an in vivo model to investigate the mechanisms involved.
Several mechanisms may contribute to the accumulation of HDL 1 in apo E transgenic rabbit plasma, including competi- D) were isolated from normal (n ϭ 4) and apo E transgenic (n ϭ 5) rabbits (3 medium and 2 high expressers) by density gradient centrifugation. Susceptibility to hydrolysis by LPL (A and C) and HL (B and D) was determined by measuring the release of free fatty acids as a function of an increasing concentration of the triglycerides in each fraction. Data are meanϮSD. There was no significant difference in lipase susceptibility of lipoproteins from mediumand high-expresser apo E transgenic rabbits. tion for receptor binding. Although the rabbit HDL 1 possesses a large quantity of apo E, this characteristic does not necessarily mean that the rabbit HDL 1 displays a high affinity for the LDL receptor. In fact, rat HDL 1 , which contains an abundance of apo E, binds to the LDL receptor with the same affinity as that of apo B-containing LDL (49) . Our results are consistent with the rabbit HDL 1 not possessing high-affinity receptor binding. The d ϭ 1.04-1.06 g/ml fraction, which contains a mixture of LDL and HDL 1 , did not demonstrate high-affinity binding despite the presence of a significant amount of apo E. Furthermore, isolated and purified HDL 1 from the transgenic rabbits possessed only a twofold enhancement in receptor binding, as compared to LDL. Thus, increased competition of apo E-rich chylomicrons and VLDL remnants for the LDL receptor could result in a decreased clearance of HDL 1 as well as LDL.
The accumulation of apo E-rich, large HDL 1 may also be the consequence of low levels of VLDL. Because VLDL typically serves as a major acceptor of cholesteryl esters via cholesteryl ester transfer protein in exchange for triglyceride (24) , the lack of sufficient VLDL for cholesterol transfer may augment the accumulation of cholesteryl ester-rich HDL 1 as well as LDL. Another possible mechanism for the accumulation of HDL 1 comes from the recent finding that a high concentration of apo E decreased the HL-mediated uptake of HDL by cultured hepatoma cells (27) , perhaps reflecting competition between apo E and HL for HSPG-binding sites at the cell surface.
The increased expression of apo E in transgenic rabbits could result in a greater proportion of apo E-containing HDL within the total HDL population in plasma. Previous studies showed that the assembly of large HDL 1 from smaller HDL is dependent upon the availability of apo E (54). The excess apo E in high expressers would be expected to enhance this mechanism, thereby reducing the quantity of small HDL relative to larger subclasses. Furthermore, the assembly of HDL 1 in rabbit plasma would be facilitated by the relative deficiency in HL activity, which functions normally to convert large HDL to smaller subclasses (22) and to increase cellular uptake of HDL (27) , activities that would be reduced in the rabbit. Therefore, an increase in apo E production would be expected to favor the accumulation of HDL 1 in transgenic rabbits.
A final consideration is that for each VLDL particle removed from plasma, a corresponding LDL particle would not be produced. Therefore, the accumulation of LDL in this model indicates that the increased expression of apo E influences more than one process affecting plasma LDL levels. As discussed above, several different components mediate VLDL and LDL clearance, including HL, LPL, the apo E content on lipoprotein surfaces, the activity of at least two different receptors, and HSPG. Apo E modulates the action of each of these components. In addition, LDL levels would be affected by the production of apo B-containing lipoproteins by the liver, as well as by lipolysis by LPL and HL. Further analysis of VLDL production and catabolism requires a detailed kinetic analysis beyond the scope of this manuscript.
The elevated LDL cholesterol in the transgenic rabbits suggested that they might develop spontaneous atherosclerosis. Therefore, we examined three high-expresser apo E transgenic rabbits that had been maintained on a standard chow diet for two years. Their plasma cholesterol levels ranged from 86 to 211 mg/dl at the time of killing. Their aortas were excised, trimmed of adventitial fat, fixed in 3% paraformaldehyde, and stained with Sudan IV to detect lipid-containing atherosclerotic lesions as described (69) . Extensive atherosclerosis was observed over the aortic surface of each rabbit (Taylor, J.M., unpublished observations). Thus, the chow-fed apo E3 transgenic rabbit may prove valuable as a model of spontaneous atherosclerosis. Studies are currently underway to evaluate the aortas of intermediate-expresser transgenic rabbits to determine the effect of lower levels of plasma cholesterol on lesion formation.
The transgenic rabbit is an important alternative to the transgenic mouse in evaluating the functions of apolipoproteins because species differences in metabolism may significantly affect results and conclusions. For example, overexpression of apo E in transgenic mice decreases plasma cholesterol without causing significant accumulation of LDL (70), in contrast to our observations in apo E transgenic rabbits. These differences may be a consequence of the absence of cholesteryl ester transfer protein and high levels of HL in mouse plasma. However, mouse liver typically edits about two-thirds of apo B100 mRNA to the apo B48 form (29, 71, 72) , which is likely to yield chylomicron-like particles as the dominant apo B-containing product of the mouse liver. Rabbit liver (like human liver) does not have apo B mRNA-editing capability (29, 71) and produces only apo B100 VLDL. Therefore, effects on apo B100 lipoproteins would be expected to be detected more easily in the rabbit. Overexpression of apo E in the rabbit and mouse may affect the metabolism of apo B-containing lipoproteins differently in each species.
The findings presented here confirm the central role of apo E in plasma cholesterol metabolism and extend our understanding of its regulatory function in lipoprotein pathways. By virtue of apo E's high affinity for lipoprotein receptors, its level in plasma can profoundly influence the composition of all major classes of lipoproteins, both directly and indirectly, thereby affecting plasma cholesterol homeostasis. The content of apo E on large remnant lipoproteins results in a higher affinity for receptors, giving them a competitive advantage over LDL in their clearance from plasma. Our data suggest that apo E-mediated competition for cell surface lipoprotein receptors may be an important mechanism for determining the content of LDL in plasma.
